Introduction
============

Vitamin A and its derivatives have the ability to reduce tumor growth and to induce apoptosis and differentiation in several types of cancer. In particular, all-trans retinoic acid (RA) has been studied for the treatment of cancer, including leukemia and breast cancer. The action of RA is attributed to its binding to the nuclear receptors, retinoic acid receptors, and retinoid X receptors, which regulate a variety of genes. RA can generally block the cell cycle in the G1 phase, causing cell proliferation inhibition and apoptosis.[@b1-ijn-7-6011] The most effective clinical use of RA for human diseases was demonstrated in the treatment of acute promyelocytic leukemia.[@b2-ijn-7-6011],[@b3-ijn-7-6011]

In clinical trials, RA has been given to cancer patients by oral administration. However, the bioavailability of oral RA has been considered low and quite variable.[@b4-ijn-7-6011] Moreover, continuous treatment with oral RA has been associated with progressive reduction of plasma concentrations, potentially to levels below those required to carry out its effect, probably due to the induced cytochrome P-450-dependent metabolism of RA.[@b5-ijn-7-6011] Whereas these factors limit the clinical use of oral RA, an intravenous formulation could circumvent this problem.

RA, a hydrophobic drug with an octanol/water partition coefficient log of 4.6,[@b6-ijn-7-6011] has poor aqueous solubility, and this can be a great disadvantage for endovenous administration. Some efforts have been made to enable intravenous administration of RA using nanocarriers, and a number of previous publications demonstrated that nanoparticles loaded with RA have significant influence over cancer cell viability.[@b7-ijn-7-6011] In addition, lipid nanocarriers such as liposomes, nanoemulsions, and solid lipid nanoparticles (SLNs) have also been used.[@b8-ijn-7-6011]--[@b10-ijn-7-6011]

Among the advantages associated with SLNs are, most notably, the fact that their production is easily transposed to an industrial scale, as they do not require the use of organic solvents. In addition, compared with the nanoemulsions, which are prepared with liquid lipids, SLNs have more potential for controlled release, due to their solid matrix.[@b11-ijn-7-6011]--[@b13-ijn-7-6011] However, the RA encapsulation in SLNs is usually low[@b14-ijn-7-6011] unless a high surfactant/lipid ratio is used.[@b15-ijn-7-6011],[@b16-ijn-7-6011] This favors the drug location at the interface because of RA amphiphilicity,[@b17-ijn-7-6011] thereby reducing the benefits obtained by the encapsulation in lipid matrix (increased stability, controlled release, and targeting effect).

We previously reported that the in situ formation of an ion pairing between RA, a lipophilic acid ([Figure 1A](#f1-ijn-7-6011){ref-type="fig"}), and different amines provides an interesting alternative to increased RA encapsulation in SLNs. Among the tested amines, stearylamine (SA) ([Figure 1C](#f1-ijn-7-6011){ref-type="fig"}), a lipophilic amine, provided the highest encapsulation.[@b18-ijn-7-6011],[@b19-ijn-7-6011] These previous investigations were performed aiming for the development and evaluation of formulations for the topical treatment of acne. We hypothesized that SLNs loaded with RA, and different amines could be an interesting alternative for enabling intravenous administration of RA for cancer treatment. In the present study, we aimed to develop RA-loaded SLNs for parenteral administration, evaluating the influence of three amines: two lipophilic amines (SA and benethamine \[BA\]) ([Figure 1B](#f1-ijn-7-6011){ref-type="fig"}) and a hydrophilic one (triethylamine \[TA\]) ([Figure 1D](#f1-ijn-7-6011){ref-type="fig"}). The in vitro anticancer activity of SLNs loaded with RA and SA, TA, or BA was investigated against different cancer cell lines.

Materials and methods
=====================

Materials
---------

Retinoic acid (RA), Compritol^®^ 888 ATO (glyceryl behenate, mixture of mono-, di-, and triacylglycerols of behenic acid \[C~22~\]) and Super Refined Tween 80™ (Polysobarte 80) were kindly provided by Basf (Ludwigshafen, Germany), Gattefossé (Lyon, France), and Croda Inc (Edison, NJ, USA), respectively. SA (octadecylamine), cholesterol, TA, and BA were purchased from Sigma-Aldrich (St Louis, MO, USA).

For in vitro studies, the Roswell Park Memorial Institute medium (RPMI) 1640 was obtained from Sigma-Aldrich; Dulbecco's modified Eagle's medium, fetal bovine serum, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and staurosporine were purchased from Gibco (Life Technologies, Carlsbad, CA, USA).

The following cancer cell lines were used: Jurkat (immortalized line of T lymphocyte) was provided by Gustavo Amarante-Mendes (São Paulo University, São Paulo, Brazil). HCT-116 (colorectal carcinoma) and MCF-7 (human breast adenocarcinoma) cells were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA). All other chemicals were of analytical grade.

Preparation of SLNs
-------------------

SLNs were prepared by the hot melting homogenization method using an emulsification-ultrasound.[@b19-ijn-7-6011] The composition of the SLNs has previously been described, but with some modifications.[@b19-ijn-7-6011] Considering the intended use of SLNs (intravenous administration), Tween 80™ was selected as surfactant. Briefly (batch 20 mL), the oily phase, composed of Compritol (400 mg), cholesterol (40 mg), Tween 80™ (300 mg), RA (10 mg), and the aqueous phase were heated separately to 85°C. Next, the aqueous phase was gently dropped onto the oily phase with constant agitation, at 8000 rpm in an Ultra Turrax T-25 homogenizer (Ika Labortechnik, Staufen, Germany). This emulsion was immediately submitted to the high-intensity probe sonication (20% amplitude) for 10 minutes, using a high-intensity ultrasonic processor (CPX 500 model; Cole-Palmer Instruments, East Bunker Court Vernon Hills, IL, USA). The influence of the in situ formation of an ion pairing between RA and amines was investigated. The SA or BA, and TA were selected as lipophilic and hydrophilic amines, respectively (RA/amine molar ratio was 1/2). The pH of the SLNs containing the amines was adjusted to 7.0 with a solution of 0.01 M HCl (Digimed DM 20, Santo Amaro, São Paulo, Brazil).

Particle size analysis
----------------------

The mean particle diameter of SLNs in the dispersion was determined by unimodal analysis through dynamic light scattering using a Zetasizer 3000HSA (Malvern Instruments, Malvern, UK), at a fixed angle of 90° and at 25°C. The SLN dispersions were diluted in distilled and filtered water (cellulose ester membrane, 0.45 μM, Millipore, Billerica, MA) up to a count rate of 50 to 300 Kcps (1000 counts per second). The data reported were particle size, evaluated as the intensity obtained from three repeat measurements, and the polydispersity index.[@b19-ijn-7-6011]

Zeta potential
--------------

Zeta potential measurements were carried out by the electrophoretic mobility determination at 90° and 25°C. Before the measurements, SLN dispersions were diluted in filtered 1 mM NaCl solution (cellulose ester membrane, 0.45 mm, Millipore) up to a count rate of 100 to 1000 Kcps. All measurements were performed in triplicate using a Zetasizer 3000HSA (Malvern Instruments).

Drug-encapsulation efficiency
-----------------------------

Encapsulation efficiency (EE) for RA in SLNs was determined according to the method previously described.[@b19-ijn-7-6011] This method was based on the determination of RA concentration in the SLNs before (total RA) and after filtration (cellulose ester membrane, 0.45 μM, Millipore). The RA crystals, usually measuring a few micrometers across, present characteristic forms and can be easily distinguished from SLNs.[@b14-ijn-7-6011] RA concentration in the external aqueous phase of the SLNs was determined by ultrafiltration method (Amicon^®^ 100 k, Millipore) with a 100 kDa molecular weight cutoff membrane. RA concentration in the aqueous phase was negligible, owing to its low solubility in water.[@b15-ijn-7-6011]

RA concentration in SLNs (before and after filtration) or in the aqueous phase was determined according to the method described by Castro et al.[@b18-ijn-7-6011] Briefly, an aliquot of the SLN dispersion was dissolved in tetrahydrofuran and later diluted in a mixture of acetonitrile, distilled water, and phosphoric acid (80:19.9:0.1). This mixture keeps the RA in solution (dissolved), but causes lipid precipitation. This dispersion was filtered in a 0.45 μM Millex HV filter (Millipore) and analyzed by HPLC. EE was calculated using the following formula: EE (%) = (filtered RA/total RA) × 100.

To investigate the influence of the amines on stability (RA retention in lipid matrix), two SLN formulations loaded with lipophilic BA or hydrophilic TA were prepared. The two SLN formulations were injected into 10 mL glass containers within a nitrogen atmosphere and were stored at 4°C. Sampling aliquots were withdrawn at 30 days, and the EE was determined as previously described.

High performance liquid chromatography (HPLC) consisted of a Waters 515 HPLC Pump (Milford, MA), a Waters 717 Plus Auto-sampler, and a photodiode array detector (Waters 2996). A C~18~ reverse-phase column (125 mm of length, 4 mm of width, and particles of 5 μm) (LichroCart 125--4, Merck, Darmstadt, Germany) was used. The mobile phase was a mixture of acetonitrile, distilled water, and phosphoric acid (80:19.9:0.1). The detection was carried out at 340 nm, with a flow rate of 1.0 mL/minute and 20 μL of sample. The five-point (0.25, 0.5, 1.0, 2.0, and 5.0 μg/mL) linear regression analysis resulted in the following linear equation: y = −2435 + 137200 × (*r* = 0.9998).

Cell cultures
-------------

Cell viability studies were conducted against both normal and cancer cells. Cancer cell lines (Jurkat, HL-60, HCT-116, and MCF-7) were cultured in RPMI or Dulbecco's modified Eagle's medium containing fetal bovine serum (10%), 200 mM glutamine, and antibiotics (100 μg/mL streptomycin and 100 UI/mL penicillin). All cultures were kept in a humidified incubator with 5% CO~2~ at 37°C. Normal cells (peripheral blood mononuclear cells; PBMCs) were obtained through agreement with the Minas Gerais Hematology and Hemotherapy Center Foundation -- HEMOMINAS -- (protocol n° 105/2004) from healthy adult volunteers of both sexes by centrifugation of heparinized venous blood over a Ficoll cushion. PBMCs were collected from the interphase after Ficoll separation and washed three times in RPMI before further processing.[@b20-ijn-7-6011] All PBMC cultures were carried out in RPMI medium, supplemented with 5% (v/v) heat-inactivated, pooled AB sera, and 2 mM L-glutamine. An antibiotic/antimicotic solution containing 1000 U/mL penicillin, 1000 μg/mL streptomycin, and 25 μg/mL fungizone was added to control fungal and bacterial contamination.

Analysis of cell viability
--------------------------

Cell proliferation was measured by MTT assay based on the reduction of tetrazolium salt to formazan crystals by living cells.[@b21-ijn-7-6011] Briefly, aliquots containing 7.0 × 10^3^ (MCF-7), 9 × 10^3^ (HL60), 1.8 × 10^4^ (Jurkat and HCT-116), or 3.6 × 10^4^ (PBMC) cells/well were seeded into 96-well plates. After 24 hours of incubation at 37°C and 5% CO~2~, freshly prepared solutions of free RA and SLNs were added to the wells (RA concentration ranged from 0.78 μM to 100 μM). Free RA was dissolved in absolute ethanol (4 mM) prior to dilution. After 48 hours of incubation at 37°C and 5% CO~2~, 20 μL of the 5 mg/mL MTT solution was added to each plate. Plates were incubated at 37°C for 4 hours, and then the medium was replaced by 200 μL of 0.04 M HCl solution in isopropanol. Cell viability was estimated by measuring the rate of mitochondrial reduction of MTT, determined by evaluating the absorbance of the converted dye at a wavelength of 595 nm. Absorbance values of the wells in which the cells were maintained in medium alone were considered as 100% of cell viability. Control groups included treatment with ethanol (negative control) and staurosporine (positive control). Cell viability was found to be 100% after treatment with negative control (ethanol), while staurosporine was effective in promoting cell-growth inhibition. Data were expressed as percentage of cell viability compared to the control (mean ± standard deviation \[SD\]). At least three independent experiments were performed.

Subdiploid DNA content and cell-cycle analysis
----------------------------------------------

A flow-cytometric DNA fragmentation assay was employed as a quantitative measure of subdiploid content and phases of the cell cycle.[@b22-ijn-7-6011] MCF-7 cells were plated at a density of 5 × 10^4^ cells/well on 24-well plates and treated with free RA, RA-loaded SLNs, or blank SLNs for 48 hours (RA concentration was 25 μM). After this time, cells were centrifuged at 200 g (gravities) for 5 minutes at room temperature, and the culture medium was aspirated off. The pellet was gently resuspended in 300 μL of hypotonic fluorochrome solution containing 0.5% Triton X-100 and 50 μg/mL propidium iodide. Cells were incubated in the dark at 4°C for 4 hours and analyzed with a Guava^®^ EasyCyte™ 6-2L Base System cytometer (Millipore). Data analysis was performed with FlowJo™ 7.6.5 (Tree Star Inc, Ashland, OR, USA), to determine percentages of subdiploid content and phases of the cell cycle.

Data analysis
-------------

Analysis of the cytotoxicity and cell-cycle studies were carried out using one-way ANOVA followed by Tukey's test. For all analyses, the difference was considered significant when the *P* value was \<0.05.

Results
=======

Preparation and characterization of SLNs
----------------------------------------

The main characteristics of RA-loaded SLNs prepared with lipophilic (SA or BA) and hydrophilic (TA) amines are listed in [Table 1](#t1-ijn-7-6011){ref-type="table"}. The mean particle size decreased from 155 ± 1 nm (SLNs without amine) to 104 ± 4 nm and 95 ± 1 for SLNs loaded with SA and BA lipophilic amines, respectively. Negatively charged particles were obtained for SLNs without amine (−30 ± 1 mV) and SLNs loaded with BA (zeta potential of −39 ± 0.2 mV). In contrast, using SA resulted in positively charged particles with a zeta potential of 20 ± 2 mV. These differences in particle charge can be explained by the fact that SA presents a higher potential for interfacial adsorption, in comparison to BA. In fact, the lipophilicity of SA is higher than that of BA ([Figure 1](#f1-ijn-7-6011){ref-type="fig"}). It is noteworthy that EE for RA in SLNs increased from 36% ± 6% (SLNs without amine) to 97% ± 2% and 100% ± 1% for SLNs loaded with SA and BA, respectively. Therefore, SA and BA promoted a significant increase of EE for RA in SLNs. A plausible explanation for the EE increase could be the formation of an ion pairing between RA and the lipophilic amines. The ion pairing increases the lipophilic properties of the drug, making its incorporation into the lipid matrix easier. These findings are in agreement with previous observations that showed that the loading capacity in SLNs is related to drug lipophilicity.[@b23-ijn-7-6011],[@b24-ijn-7-6011]

For the SLNs prepared with TA, a reduction in the particle diameter to 96 ± 1 nm was also observed. These SLNs were negatively charged (zeta potential of −33 ± 4 mV), and this can be explained by the fact that interfacial adsorption of hydrophilic TA is unlikely. TA also promoted a significant increase in EE for RA in SLNs (90% ± 2%), when compared with SLNs without amine ([Table 1](#t1-ijn-7-6011){ref-type="table"}). However, as shown in [Figure 2](#f2-ijn-7-6011){ref-type="fig"}, after 30 days of storage at 4°C, a dramatic decrease in EE for RA in RA-TA-loaded-SLNs was observed (from 90% ± 2% to 27% ± 0.1%). In significant contrast, the EE for BA-loaded SLNs was high immediately after preparation and remained constant after 30 days (98% ± 2%). These findings are in agreement with our previous data, which showed that it was possible to produce RA-loaded SLNs with high EE and stability by employing RA-amine ion pairing. Increasing the lipophilicity of the amine increases the drug-loading capacity in SLNs due to the increase in lipophilicity of the ion pair formed.[@b19-ijn-7-6011]

Cell viability studies
----------------------

To investigate whether cytotoxicity of RA was affected by loading in SLNs containing amines, the cell viability assay using MTT was investigated in cancer and normal cells. First, the cell viability of SLNs loaded with lipophilic SA was assayed. Normal and human cancer cells were incubated with free RA, unloaded (blank) SLNs, or RA-SA-loaded SLNs and analyzed for their viability. The data obtained, expressed as cell viability (percentage), are shown in [Figure 3](#f3-ijn-7-6011){ref-type="fig"}. The lowest antitumor activity was observed for the free RA (cell viability was approximately 80%), independent of the cell lines evaluated. MCF-7 cells were more sensitive to free RA, while the Jurkat and HCT-116 cells were the least sensitive. In contrast, the activity of SA-RA-loaded SLNs was much higher than that observed for the free RA, with MCF-7 cells showing greater sensitivity, compared with other cancer cells. However, the cytotoxic effects of unloaded (blank) SLNs against tumor cells were also high. It is interesting to note that these cytotoxic effects were also observed against normal cells (PBMCs). The cytotoxicity of the blank SLNs was attributed to the presence of the cationic lipophilic SA. In fact, blank SLNs without SA were prepared and their cytotoxic effects against MCF-7 cells investigated. These effects had disappeared completely (data not shown). Considering that the MCF-7 cells were more sensitive to RA, these cells were selected for further studies.

To investigate whether SLNs loaded with hydrophilic TA or lipophilic BA, which were used as amines for the in situ formation of an ion pairing with RA, would show the same pattern of activity, MCF-7 cancer cells were incubated with unloaded (blank) SLNs, RA-TA-loaded SLNs, RA-BA-loaded SLNs, or free RA and analyzed for their metabolic viability. The data obtained, expressed as percentage of MTT metabolism, are shown in [Figure 4](#f4-ijn-7-6011){ref-type="fig"}. Interestingly, blank SLNs loaded with TA or BA showed no inhibitory effect, with cell viability near 100%. These data demonstrate that blank SLNs loaded with TA or BA present negligible cytotoxicity, when compared with the blank SLNs loaded with SA, and they are a potential new alternative for development of formulations for intravenous administration of RA. In addition, RA-loaded SLNs containing BA or TA presented cytotoxic effects significantly higher than those observed for the free RA in all drug concentrations tested; a dose-dependent relationship between drug concentration and cell viability was clearly observed. The maximum reductions in cell viability for RA-TA-loaded SLNs, RA-BA-loaded SLNs, and free RA, observed at the concentration 100 μM, were 45% ± 5%, 34% ± 4%, and 71% ± 2%, respectively. The differences between BA-loaded SLNs and TA-loaded SLNs were significant.

Subdiploid DNA content and cell-cycle analysis
----------------------------------------------

In order to determine whether the improvement of the cytotoxic activity of RA after incorporation into BA-loaded SLNs was associated with alterations in cell-cycle progression and DNA fragmentation, we performed flow cytometry studies. We used the protocol described by Riccardi and Nicoletti,[@b22-ijn-7-6011] that is based on the principle that apoptotic cells, among other typical features, are characterized by DNA fragmentation and, consequently, loss of nuclear DNA content. The use of a fluorochrome, such as propidium iodide, that is capable of binding and labeling DNA makes it possible to obtain a rapid and precise evaluation of cellular DNA content by flow-cytometric analysis and subsequent identification of hypodiploid cells. Representative histograms of DNA content after PI staining are shown in [Figure 5](#f5-ijn-7-6011){ref-type="fig"}. The data are summarized in [Table 2](#t2-ijn-7-6011){ref-type="table"}. The increase in subdiploid DNA content was negligible for the treatment with RA-TA-loaded SLNs (0.5% ± 0.20%) and free RA (0.4% ± 0.05%), when compared with the control. After 48 hours of treatment, the subdiploid DNA content for RA-BA-loaded SLNs (6.1% ± 0.65%) was significantly increased, inducing DNA fragmentation 12 and 17 times higher than that observed for the RA-TA-loaded SLNs and free RA, respectively. Blank SLNs (with TA or BA) showed no significant increase in subdiploid content in comparison with the control. These data suggest that BA-containing SLNs show more advantages as carriers of RA than the TA-loaded SLNs, as observed in the improvement of their cytotoxic effects.

Data concerning the cell-cycle stage distribution clearly showed a significant increase in the G~0~/G~1~ phase after treatment with RA-loaded SLNs (73.0% ± 0.5% and 74% ± 0.6% for SLNs with TA and BA, respectively), when compared with the control (60.5% ± 1.0%). This increase was higher than that observed for the treatment with free RA (70.6% ± 0.5%). Also, the frequency of MCF-7 cells in the S-phase range of DNA content decreased. This reduction was more evident in SLNs with BA (8% ± 0.3%) than in SLNs with TA (12.4% ± 0.6%), when compared with the control (14.8% ± 0.7%). Free RA also showed a significant decrease in the S-phase (10.8% ± 0.1%), which was revealed to be lower than that observed for the treatment with RA-BA-loaded SLNs. These findings are in agreement with previous observations that showed that RA treatment of MCF-7 cells induces G1 arrest before inducing apoptosis.[@b24-ijn-7-6011],[@b25-ijn-7-6011]

Discussion
==========

SLNs have gained attention as particulate systems that improve the delivery of lipophilic drugs, such as RA, due to the high affinity of these molecules for the lipid matrix.[@b11-ijn-7-6011],[@b12-ijn-7-6011] However, unexpectedly, the EE for RA in SLNs is usually low, and the in situ formation of an ion pairing between RA and an amine provides an interesting alternative to enhance the drug encapsulation.[@b19-ijn-7-6011] Therefore, this work aimed to develop, characterize, and evaluate the in vitro antitumor activity of SLNs loaded with RA and different amines. Three amines were evaluated: one hydrophilic (TA) and two lipophilic amines (SA and BA).

Marked differences between formulations were observed when the data concerning the RA encapsulation in SLNs were evaluated. Our data clearly show that EEs was significantly increased in SLNs containing SA, TA, or BA, when compared with SLNs without amines. Comparing the amines, the data show that the EEs for RA in SLNs loaded with lipophilic amines (BA and SA) were higher than that observed for SLNs containing TA. In addition, the stability (drug retention) of SLNs loaded with lipophilic BA was much higher than that observed for SLNs containing TA. Although TA is considered a stronger base than BA or SA (the pKb value for TA is lower than that for other amines), the differences in basicity among amines are relatively low. On the other hand, our data showed that RA retention in lipid matrix increases with the hydrophobicity of the counterion used for the ion pair formation, revealing that lipophilicity rather than basicity was the most relevant parameter. These findings are consistent with our previous observations, which showed that EE for RA in SLNs significantly increased when the lipophilicity of the amine increased, producing more-stable SLNs.[@b18-ijn-7-6011] These findings demonstrate that the lipophilic amine triggered an intense interaction of RA with the lipid matrix.

Cytotoxic effects against both cancer and normal cells were investigated. It was clearly observed that in vitro antitumor activity of RA-SA-loaded SLNs was higher than that observed for free RA. Data for free RA compare with findings previously described.[@b25-ijn-7-6011],[@b26-ijn-7-6011] However, cytotoxic effects for unloaded (blank) SLNs were also high against both cancer and normal cells. This phenomenon was attributed to the cationic lipid (SA), since blank SLNs without SA showed no cytotoxic effects against MCF-7 cells. These data are in agreement with previous findings, which demonstrated that cationic lipid-stabilized SLNs or liposomes show cytotoxic effects. The proposed mechanisms of the cytotoxicity are the electrostatic interactions of these cationic amphiphilic molecules, with the anionic phospholipids of the cell membrane leading to membrane damage.[@b27-ijn-7-6011]--[@b29-ijn-7-6011]

To reduce the toxicity, SLNs loaded with TA or BA were produced and tested in MCF-7 cells. Blank SLNs, which displayed negatively charged particles, revealed no cytoxicity against the tested cancer cells. In contrast, RA-loaded SLNs showed a remarkable increase in antitumor activity against the human breast cancer cell line MCF-7, in comparison with the free RA. The reduction in cell viability observed for BA-loaded SLNs were significantly higher than that observed for TA-loaded SLNs, and differences between the two formulations were even more prominent when the data for subdiploid DNA content were evaluated. Furthermore, it was observed that RA-loaded SLNs were able to decrease the frequency of MCF-7 cells in the S-phase and to accumulate cells in the G~0~/G~1~-phases. These effects were more pronounced than those observed for free RA and are consistent with data reported previously.[@b30-ijn-7-6011],[@b31-ijn-7-6011]

Previous studies showed no significant increase in the anticancer activity of RA-loaded lipid nanocarriers when compared to free RA.[@b8-ijn-7-6011],[@b32-ijn-7-6011] Su and colleagues[@b33-ijn-7-6011] showed that the cytoxicity of RA-loaded tributyrin nanoemulsion against hepatic or colonic cancer cells was higher than that of free RA. However, the combination of RA with tributyrin, a prodrug of butyric acid, was reported to have synergistic anticancer effects.[@b34-ijn-7-6011],[@b35-ijn-7-6011] Therefore, it is difficult to separate the effects of the combination of RA and tributyrin from those of drug encapsulation.

The present study reported for the first time a remarkable increase in anticancer activity of RA-BA-loaded SLNs in comparison with free RA. The in situ formation of an ion pairing between RA and BA favors drug retention in lipid matrix. After dilution of the nanoparticles in the culture medium, two opposing scenarios can occur: RA may be released (bound or not to the amine) or remain associated with the SLNs. If RA is released from SLNs as an ion pair, reverse ion exchange can occur, with ions from the culture medium substituting the counterions (amines), resulting in the reformation of the parent drug.[@b36-ijn-7-6011] In this case, it would be expected that the activity of the SLNs was similar to that observed for the free RA. Considering that our data showed a higher activity for the SLNs, the most probable hypothesis is that RA remained associated with the lipid matrix of the SLNs after dilution in the medium, enabling improved drug uptake by the tumor cells.[@b37-ijn-7-6011] Previous studies have reported enhanced -- despite negatively charged particles -- intracellular levels of anticancer drugs loaded in SLNs.[@b38-ijn-7-6011]

Finally, studies have pointed out the important role RA plays in the control of metabolic diseases such as diabetes and obesity through its activation of the retinoid X receptor and its heterodimers pathways. Treatment with RA can reduce body weight and adiposity, and enhance glucose tolerance and insulin sensitivity.[@b39-ijn-7-6011],[@b40-ijn-7-6011] To improve bioavailability, RA has been administered orally as an emulsion and subcutaneously as an oily solution. For novel formulations, the ion pair formation in SLNs can be explored as a strategy to improve the efficacy and bioavailability of RA in the treatment of obesity and diabetes.

Conclusion
==========

In summary, an SLN formulation loaded with RA, a lipophilic acid, and a lipophilic amine (BA) was designed and evaluated. It was possible to obtain high encapsulation efficiency (almost 100%) for RA in SLNs. Moreover, RA-BA-loaded SLNs promoted enhanced in vitro antitumor activity when compared to the free RA and other SLN formulations. These findings suggest that the RA-BA-loaded SLN formulation is a promising alternative for the administration of RA in the treatment of cancer.
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![Chemical structure of RA (**A**), benethamine (**B**), stearylamine (**C**), and triethylamine (**D**).\
**Abbreviation:** RA, all-trans retinoic acid.](ijn-7-6011f1){#f1-ijn-7-6011}

![Stability of encapsulation efficiency (EE) of RA in SLNs prepared with triethylamine (TA) or benethamine (BA).\
**Note:** Data represent mean ± SD (n = 3).\
**Abbreviations:** RA, all-trans retinoic acid; SD, standard deviation; SLN, solid lipid nanoparticle.](ijn-7-6011f2){#f2-ijn-7-6011}

![Cell viability studies, as evaluated by MTT assay, of blank SLNs, RA-SA-loaded SLNs, and free RA in cancer and normal cells, MCF-7 (**A**), Jurkat (**B**), HCT-116 (**C**), and PBMCs (**D**), after 48 hours of exposure.\
**Notes:** Data were expressed as mean ± SD of three independent experiments. The blank SLNs were diluted at the same proportion as RA-loaded SLNs.\
**Abbreviations:** MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; RA, all-trans retinoic acid; PBMC, peripheral blood mononuclear cells; SA, stearylamine; SD, standard deviation; SLN, solid lipid nanoparticle.](ijn-7-6011f3){#f3-ijn-7-6011}

![Cell viability studies, as evaluated by MTT assay, of blank SLNs, RA-TA-loaded SLNs, RA-BA-loaded SLNs and free RA in MCF-7 cells after 48-hour exposure.\
**Notes:** Data were expressed as mean ± SD of three independent experiments. The data for blank SLNs, which were diluted at the same proportion as RA-loaded SLNs, represent overlapping values for TA-based SLNs and BA-based SLNs. ^a^Significant difference compared to free RA; ^b^significant difference between TA-based SLNs and BA-based SLNs.\
**Abbreviations:** MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; BA, benethamine; RA, all-trans retinoic acid; SLN, solid lipid nanoparticle; TA, triethylamine.](ijn-7-6011f4){#f4-ijn-7-6011}

![DNA fluorescence histograms of PI-stained MCF-7 cells after 48 hours of incubation under various experimental conditions: medium alone (**A**), blank SLNs (**B**), free RA (**C**), or BA-RA-loaded SLNs (**D**).\
**Notes:** RA was used at 25 μM. BA-RA-loaded SLNs induce cell-cycle arrest accompanied by reduction in the S phase in MCF-7 cells. Data from one representative experiment that represents 20,000 events (cells) are shown.\
**Abbreviations:** BA, benethamine; PI, propidium iodide; RA, all-trans retinoic acid; SLN, solid lipid nanoparticle.](ijn-7-6011f5){#f5-ijn-7-6011}

###### 

Influence of the amine type on the particle size, polydis-persion index, zeta potential and EE of RA in SLNs

  Parameter              Without amine   SA         TA          BA
  ---------------------- --------------- ---------- ----------- -------------
  Mean diameter (nm)     155 ± 1         104 ± 4    96 ± 1      95 ± 1
  Polydispersion index   0.24 ± 0        0.24 ± 0   0.3 ± 0.1   0.24 ± 0.01
  Zeta potential (mV)    −30 ± 4         20 ± 2     −33 ± 4     −39 ± 0.2
  EE (%)                 36 ± 6          97 ± 2     90 ± 2      100 ± 1

**Note:** Data are shown as mean ± SD (n = 3).

**Abbreviations:** BA, benethamine; EE, encapsulation efficiency; RA, all-trans retinoic acid; SLN, solid lipid nanoparticle; SA, stearylamine; SD, standard abbreviation; TA, triethylamine.

###### 

Effects of different treatments of MCF-7 cancer cells on DNA fragmentation and cell-cycle stage distribution

  Sample             Subdiploid content (%)   G~0~/G~1~ (%)   S (%)        G~2~/M (%)
  ------------------ ------------------------ --------------- ------------ ------------
  Control            0.2 ± 0.1                60.5 ± 1.0      14.8 ± 0.7   24.2 ± 0.4
  Free RA            0.4 ± 0.1                70.6 ± 0.5      10.8 ± 0.1   16.2 ± 0.3
  **SLNs with TA**                                                         
  Blank SLNs         0.4 ± 0.2                64.0 ± 0.6      16.8 ± 0.0   17.5 ± 0.7
  RA-loaded SLNs     0.5 ± 0.2                73.0 ± 0.5      12.4 ± 0.6   14.1 ± 0.3
  **SLNs with BA**                                                         
  Blank SLNs         0.7 ± 0.1                62.8 ± 0.8      17.1 ± 0.4   19.3 ± 1.0
  RA-loaded SLNs     6.1 ± 0.7                73.8 ± 0.6      6.8 ± 0.2    13.3 ± 0.9

**Notes:** MCF-7 cells were treated with RA-loaded SLNs, free RA, and unloaded (blank) SLNs, as indicated in the methods section. Cell-cycle distributions were determined after 48 hours of treatment. The data are representative of three independent experiments. Mean ± SD is shown.

**Abbreviations:** BA, benethamine; RA, all-trans retinoic acid; SLN, solid lipid nanoparticle; SD, standard deviation; TA, triethylamine.
